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Abstract L
A study of the Orgueil meteorite showsthat three main periods of
mineral formation can be fecognized: 1) an early stage with minersls like

troilite, that are stable at several_hundred degrees centigrade: 2) a
middle stage with minerals like chlorite and limonite formed below 170°C
and 3) a late stage with carbonates and sulphates, formed below 50°C. A
physico~chemical analysis of the mineral-forming conditions indicates that
oxidized phases like sulphate and limonite cannot be formed as a result of

a local equilibrium but that an oxidizing substance must be brought into

A:‘- j .

the system. ' ;ijjfﬁsw
‘ £
1

Volatiles like CO, 002 and H. 0 may emanate from the interior of a

2
meteorite parent body but none of these can oxidize troilite to limonite
and sulphate. A possibility is that water at the surface of the parent
body was dissociated by ultraviolet light to hydrogen and oxygen compounds,
of which the lighter hydrogen escaped whereas at least some fraction of the

oxygen or peroxides reacted with solid phases on the surface of the meteor-

ite parent body.
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I. "Introduction

The carbonaceous meteorites have lately attracted much interest.
Particularly the "organic" compounds have beén extensively analyzed because
of the suggestion (Claus and Nagy, 1961) that part of this material may be
of extraterrestrial biogenic origin. However, the characteristics of the
inorganic compounds which constitute some 20 Lo 95 percent of these meteor-
ites are still little known. This is due to the fact that carbonaceous
chondrites mainly contain extremely fine-grained minerals, some of which
are poorly crystallized and have varying chemical composition. Moreover,
sample material is relatively hard to obtain, and the opacity of petro-
graphic thin sectiqns due to the presence of organic compounds renders

microscopical opservations difficult.

The mineral associations in carbonaceous chondrites have been studied
recently be DuFresne and Anders (1962), Mason (1962), Nagy et al. (1963a)
and Fredriksson and Keil (196k4). DuFresne and Anders attempted to show,
mainly by means of e-pH diagrams, that low temperature minerals in meteor-
ites like Orgueil and Murf@y formed from high temperature minerals during
an aqueous stage wers close to equilibrium. Keil and Fredriksson on the
ofher hand showed that Murray consists of at least two parts, which have
" been mechanically mixed together, one of high and one of low temperature

origin.

In the present work the available data are summarized (sections 2 and
3), and used for a physico-chemical treatment to estimate the conditions
that governed the formation of the minerals in one of the carbonaceous
chondrites, the Orgueil meteorite. The relations derived give some indica~-

tions of the surface conditions of the parent body. The material studied



was obtained from the Swedish Museum of Natural History and from the "Nagy
sample" (Nagy et al., 1964). TIn both cases it was ascertained that the
samples had the original texture and did not contain gross contaminations

(Anders et al., 196L).

2. Mineralogical composition of the Orgueil Meteorite

The Orgueil meteorite can be described as a bituminous clay with a
clastic texture. This bituminous clay shows a breccia structure, (Figure ll{

the fragments and the matrix having identical composition under the micro-

scope and microprobe.

The major part of the meteorite consists of a lattice layer silicate
constituting some 3/L4 of the total material (Table kc). A number of
accessory minerals are listed in the same table. The meteorite is traversed
by thin veins, mainly containing sulfates, which seem to be the lasth crystal-
lized minerals. Mineralogical and paragenetical evidence given in sections
2-b are summarized in Table 5. In the following the composition of each
mineral is discussed, as weli as the experimental methods for estimating

the amounts present.

Chlorite The major phase has long been considered to be "like serpentine

or chlorite" (Pisani, 1864). Mason (1962) preferred serpentine because of
the low aluminum content. On the basis of x-ray analysis, Négy et al. (1963a)
concluded that the mineral probably was a chlorite; this conclusion is to

some extent supported by the present results. In the present work the
chemical composition of thé groundmass was determined by electron micro-
probe x-ray analysis. The thin sections’used for the analysis were moved

at a rate of 8 micron/min. under the electron beam and the x-ray intensities
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for SiKa, MgKo, and FeKa, were integrated over periods of 20 sec. (Fredriksson
and Keil, 1964). A similar procedure was followed for the elements Ni, S,

and Al along the same tracks.

From several hundred microns of such tracks three parts each approxi-
mately 15 u long were selécted. Within these parts all six elements varied
less than i}@% and these parts were considered representative for the pre-
dominant phase. Table 1 shows the composition of this phase in weight per-

cent®.

A partial analysis by Jarosewich (1965, see Table 2) shows that prob-
ably all of the sulphur in Table 1 is present as a water-soluble sulphate,
mainly a magnesium sulphate. This is to be expected since the amount of
sulphate in silicates commonly is low (Ricke, 1960). Probably the sulphate
is present in a finely divided form or is absorbed on the layer lattice
silicate. Calcium was not accurately determined, since its concentration
is . low compared with the other elements and most of it is present in other
minerals. Further, since Ca is 8-coordinated it should not enter the

chlorite structure to any large extent.

Provided that aluminum is mainly present in 6-coordinated positions
and after the water-soluble quantities of magnesium and sulphate as found
by Jarosewich (see Table 2) have been deducted the probe analysis can be

writter either,

2+ . .
(Mg, Fe™ , Ni, A1)5°93 OH7°86 Oo.lu 81) 044

or

3+

(Mg, Fe”', Ni, A1)5_93 Ol ns Op ps Siy Oy



the formulas representing the extreme cases. According to Table 2 it is
evident that most iron in the chlorite is ferric, since much of the ferrous

iron must be present in troilite and breunnerite.

Approximately 1 percent sodium is probably present (Figure 10), and
this to some extent accounts for thé deficiency in cations. ©Small amounts
of potassium, chromium, and manganese are probably present{ compare p. l@i
Potassium and manganese have also been found in sulphates and carbonates

(Nagy and Andersen, 196L4).

The electron micrograph (Fig. é) and the electron diffraction patterns
from several grains (Fig. 3) also make it probable that the groundmass con-
sists of a chlorite. Using MgO as a standard one of the pseudohexagonal
patterns (Figure 3) gave the cell dimensions in Table 3, which compare well
with data given by Kerridge (1964). In the same table unit cell dimensions
of substances with a chemical composition similar to that of the major
phase ére given. Compared with this observed unit cell, ordinary chlorites
(the nomenclature of Deer, Howie, and Zussman, 1962, and Brindley and
Youell, 1953 is followed) have fairly large cell dimensions which increase
with the iron content according to the formulas by Hey (1954) for a, b, and
¢. The cell dimensions indicate that the mineral probably is a ferric
chamosite in good agreement with Jarosewich's data. The broad undefined

(001) reflection (Nagy et al., 1963) indicates a stacking disorder.

The quantity of chlorite in the meteorite has been estimated at about
75 volume percent according to microprobe traverses, areal estimates of
mi.croradiographs (Figure 5),electron probe scanning (Figure T), and micro~-
scopic observations on five thin sections, about 5-10 microns thick. The

values in Table LYc are based on the calculation discussed in sections 3 and k.



Magnetite FeBOu, is one of the phases in Crgueil that is easy to observe
and isolate. X—ray‘micro—radiographs (the method is described by
Fredriksson, 1958),Figures 5a and SE)illustraté the distribution, relative
amount and shape of the magnetite grains. vIt appears that the magnetite
oceurs in two forms: (a) as micron-sized, irregular grains, and (p) as
spherical particles from a few microns to somé 40 microns in diameter,
several of them being hollow (Figure 6a and 6b). A few of the spherules
have been analyzed with the microprobe, both in thin sections and as iso-
lated grains. (The latter were kindly given to us by Dr. D. Parkin.) The
spherules consist of an unusually pure magnetite. The Ni content is at
most 100 ppm but probably. less than 50 ppm, and the Mn content is only
about 400 ppm. This is exceptional since most terrestrial magnetite (in=-
cluding our microprobe standard) contains 10 times more Ni, Mn and Cr.

The high purity of the meteorite magnetite suggests that the magnetite
spherules were formed at low temperatures, possibly by alteration of
rounded aggregates of ferric hydroxide (see pages T and 9 below). Such

recrystallization would explain, by shrinkage, why the spherules are hollow.

Some of the magnetite, however, is probably an early high temperature
phase, perhaps even preceding the troilite. If the small irregular magne-
tite grains are of this type or are primordial condensates (Wood, 1963),
they should contain considerably more trace elements, e.g. Ni than the
spherules. Mason (1962) indicated that the magnetite in Qrgueil has an
unusual, large unit cell, and concluded that the composition might be
close to trevorite (NiFeEOu). This appears to be in agreement with a high
temperature origin for the major part of the "magnetite". Finally there

seems to be a very late magnetite in the sulphate veins (Nagy, pers. com. ).
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Although this type of magnetite has not been. found in the present work, it

might be contemporaneous with the magnetite spherules.

It should be pointed out that the magnetite spherules morphologically
resemble the cosmic spherules (Murray and Renard, 1891; Pettersson and
Fredriksson, 1958; Castaing and Fredriksson, 1958; Hunter and Parkin, 1960;
Thiel and Schmidt, 1961; and others) as well as volcanic magnetic spherules
(Fredriksson and Martin, 1963). However, the Orguell spherules contain
less nickel than the cosmic spherules, and less manganese than the terres-
trial ones and can congseguently be distinguished by careful analysis.

This offers an opportunity to ascertain the ftotal influx to the Farth of
carbonaceous meteorites of the Orgueil type by extracting and counting
such spherules from slowly deposited deep-sea sediment (e.g. Petterson and
Fredriksson, 1958) provided no authigenesis of similar spherules takes
place in the deepwsea sediments. To distinguish between terrestrial
spherules and cosmic spherules that are formed in the atmosphere by abla-
tion of meteorites (Castaing and Fredriksson, 1958) and spherules from
Group 1 carbonaceous chondrites (Wiik, 1956) they must all be analysed.
Such an estimate seems most desirable, for it is probable that only few
carbonaceous meteorites survive the passage through the atmosphere and
those which do are hard to retrieve, whereas their resistant magnetite
épherules mostly would survive. If the suggestion that some material with
a composition close to that of Orgueil is the parent material for most
meteorites is accepted (Mason, 1960; Ringwood, 1961; Fredriksson, 1963)
there is good reason to believe that the number of carbonaceous meteorites
entering the atmosphere is much higher than recovered falls indicate, at

least at the present time.



-8

The abundance of magnetite in Orgueill can be estimated from x-ray micro-
radiographs (e.g. Figure 5) at approximately L volume percent. This agrees
well with the calculated value in Table e, but is almost an order of
magnitude lower than the estimate by DuFresne and Anders (1962, p. 1091;
and Anders (1964, p. 630). If these values were correct no iron would be
left for the chlorite, breunnerite and troilite (compare section 3 below).
Tn 1864 Cloetz and Pisani found a content of 20.63 and 15.77 weight %
‘respectively of magnetite, determined as insoluble in HCL, but these

values were shown to be too high by Cohen (189k).

Troilite FeS (Fitch, et al, 1962) occurs largely as crystals from a few
microns to a few hundred microns in diameter (Figures 4, 5, and 7). The
habit suggests . a hexagonal symmetry which indicates that the mineral prob-
ably is troilite. The monoclinic modification of FeS, smythite (BErd,

et al, 1957) has also a hexagonal habit, but since smythite is rare and
never has been observed in meteorites it seems most probable that the Feb~
phase in Orgueil corresponds to troilite. To verify this an x-ray powder-—
pattern was made; severaliof the strong troilite lines could be found
whereas none of the strongest smythite lines were present. Microprobe
analysis of a number of grains indicate that 1.3 to 1.6 percent Ni.substisvv
tutes for Fe. As shown in Figures 4 .and T, the troilite is fregquently
altered to ferric hydroxide, FeOOH, with some Ni and Cl (Nagy, et al,
1963b). Some brownish, highly refractive hexagonal particles which have
been described as "organized elements" may also be alteration products of
troilite (see further p. 12). Corroded troilite crystals are frequently

associated with native sulphur, Figure b, .

The micro-radiographs, Figure S5a. and 50, as well as x-ray diffrsction



data indicate that troilite. is less abundant than magnetite (i.e. 2 percent).

Sulphur S, occurs in native form (DuFresne and Anders, 1962). Figure 4
shows a few sulphur globules., They were first found in the magnetic frac-
tion (size LlU~88 microns) of a powdered samplé since they to a large extent
are associated with corroded crystals of magnetic troilite. It seems clear
(Figure 4) that the troilite is an earlier mineral than the free sulphur.
Some of the "globules" show crystal facés. They can be found in practically
any untreated, newly broken up part of Orgueil. This contradicts the
hypothesis that this type of sulphur globules may be an artifact produced
by various saﬁple treatments (Fitch, et al, 1962). Microscopic observation
" suggests that the crystals are orthorhombic. A chemical analysis of the
meteorite by G. Jarosewich, Table 2, showed the presence of 1.(% free
sulphur which is in good agreement with analyses by Anders, et al (pers.
comm, )., This value is considerably higher than the estimate made from
direct microscopic observations, indicating that some of the sulphur may be

very fine-grained.

Ferric hydroxide has been described by Nagy, et al,(1963b) under the name
limonite,loccurring in some of the particles described as organized ele-
ments. Since the real identity of the ferric hydroxide is unknown the

name limonite (FeOOH-nHQO).Will be retained here in accordance with the
recommendation of Palache, Berman and Frondel (194k). The limonite contains
minor amounts of nickel and chlorine. Figures L and 7 show that it is an
alteration product of troilite, although in some cases it appears to be
redeposited in available pores, for instance in the bubbles of "organized

elements". The limonite is older than the veins and probably also older

than the previously mentioned magnetite spherules, p. 6 . Since the
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chlorite contains ferric iron it is possible that limonite and chlorite
were formed simultaneously. Dr. B. Mason (pers. comm.) has suggested that
the limonite might have formed by terrestrial oxidation, e. g.,

from lawrencite (Fe,Ni)Cl2, or troilite (Fe,Ni)S. This appears unlikely
because of the frequent association with "organized' elements, and because
the magnetite spherules discussed on page 6 seem to be recfystallized

limonite.

Tt has been shown that the compound FeOOH may incorporate Cl ions
(Chow, 1964). The C1l content (up to 3 percent) of the Orgueil limonite
indicates that the troilite was altered‘in an aqueous environment contain-
ing chlorine. A possibility that gaseous 012 was in part responsible for
this Qxidation cennot be disregarded and as will be shown in section 5

some "external" sources of oxidizer seem necessary.

Direct observations of the quantities of limonite present are difficult
to make; but it is only a minor constituent, probably occupying less than

one volume percent of the meteorite.

Breunnerite and dolomite Breunnerite, (Fe,Mg)CO3, was first discovered in

Orgueil by Pisani (186L4). A microprobe analysis by Nagy and Anderson (1964)
showed 20 percent Mg and 12 percent Fe. According to microscopic obeerva~
tions some five volume percent of the meteorite is made up of strongly
birefringent minerals presumably identical with the carbonates breunnerite,
and dolomite. Dolomite, CalMg (003)2 has been found in Orgueil by DuFresne
and Anders (1962), but has not been observed by the present authors or by
Nagy and Andersen (1964). The abundance is not easily ascertained.
According to the calculations in section 3 dolomite may be completely

missing and at most be present only in small amounts; otherwise, considerably
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less magnesium and calcium would be available for chlorite, epsonite
breunnerite and gypsum and more sodium sulphate would form (see section 3).
The carbonates are not found in veins but may nevertheless be formed late

since they commonly are fresh and well crystallized.

Gypsum CaSOhaQHQO, is present as small individual grains according to Nagy
and Andersen (1964). Compared with the theoretical formula for anhydrite,
their probe analysis shows a deficiency of Ca and 5 which may be interpreted
as indicating that the mineral is indeed gypsum, CaSOu°2H20 and not anhydrite,
CaSOh. Tt is not unlikely that this is the original form and if so it was
probably formed below 50°C (Posnjak, 1938, 1940). The mineral seems to be
pfesent only in minute amounts, less than 1 volume percent, but since’it is

difficult to identify microscopically, it is not easy to estimate its abun-

dance.,

Magnesium sulphate MgSOM~nH20, and a sodium=-containing sulphate have been

observed in the veins (Figure 9). The magnesium sulphate has been definitely
jdentified (Cohen, 1894; DuFresne and Anders, 1962) but it is difficult to
ascertain how much water of crystallization was present originally. The
presence of a sodium sulphate has been inferred from mineralogical studies
and analysis of water extracts of Orgueil sample, (DuFresne and Anders, 1962)
showing that sodium may well be present in some double salt, e.g. bloedite,
Na, Mg(SOu)'hHQO. Figure 9 illustrates the distribution of‘Na23, Mggh, Mg25,
and 8128 in the veins. It seems that the sodium~containing salt crystallized
before the magnesium sulphate, but it might also have formed in late cracks
since many sodium salts are very soluble. The amount of sulphates has been

estimated as high as 17 percent (DuFresne and Anders, 1962), and indeed,

exposed surfaces of certain samples (e,g. the main mass in Paris) show an
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abundant nétwork of sulphate veins. The present work on thin sections
indicates that such veins are less abundant than thé'carbonates, which is

in agreement with observations by Nagy (personal comnunication). Sulphates
in veins are estimated at 2 to 3% by volume; while the total amount of

water soluble MgSOh-7H20 should be about 13.1 weight percent according to
analysis by E. Jarosewich (see Table 2). This value is in good agreement
with data by DuFresne and Anders (1962) and Anders,(pers. comm). Coﬁsequently
it seems reasonable to assume that thé sulphur found in the chlorite analyses
in Table 1 is present as finely divided or absorbed sulphates,'mostly of

magnesium but also of some other cations e.g. iron, nickel, calcium and

sodium.

Calcium phosphate was described in Orgueil by Nagy and Anderson (196L4),

and was tentatively identified as merrillite, NaQCaS(POM)ZO’ gince the
measured absolute mass concentrations of calcium and phosphorus are a little
too low té suggest whitlochite, BC&S(POh)2' However, sodium was not analyzed
for (op. cit.) and the mineral may consequently be whitlocKite, which is a
common phosphate in many meteorites (Fuchs, 1962). Wo direct estimates of
its abundance exist, but if all available phosphorus is ascribed to this

mineral,a maximum of 0.8 volume percent can be calculated (see Table kLe).

This amount does not influence the sodium or calcium balance significantly.

Brucite or Periclase Mg(OH)Q,MgO, A single 10u cube-shaped grain of a
mineral with a high Mg-content was found with the microprobe, (Figure 10).
Subsequent analysis showed 50 percent Mg and approximately 1 percent Fe and
1 percent Si. The Mg content is too high for any likely compound other
than periclase, Mg0, or brucite, Mg(OH)E. Theorétically brucite has Ul per-

cent Mg and the high value of the present analysis may be explained if it is
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assumed that the vacuum in the probe and the heat from the electron beam
boiled off water from brucite (see Table 6b). Probably also some excita~-
tion -of the surrounding chlorite took place. This assumption is supported
by the observéd amounts of silicon. Périclase is not stable in the agueous
environment which seems necessary to explain the late vein minerals, p. 19
in Orgueil and this féct also supports the assumption that the mineral

indeed is brucite, Mg(OH)Q.

Olivine (Mg, Fe)2 510, , has not beenvfound with certainty. One LOu large
grain analysed with the microprobe ‘showed Mg, Fe, and Si contents corres -
sponding to an olivine with 95 percent forsterite. The crystal was lost
and the identification could not be confirmed. J. F. Kerridge (1964) has
inferred from electron diffraction data that Orgueil contains micron sized
grains of olivine. It is however, difficult to understand how olivine,
p#rticularly in small grains, could survive in the agueous environment in

which the last-formed Orgueil minerals originated.

Several workers (e.g.‘Urey, 1957 and DuFresne and Anders, 1962) have
suggested that the Orgueil was formed by alteration of some material of
chondritic composition. During informal discussions some petrographers
e.g. Griffith in La Jolla, l96h) have suggested that some fragments like
that in Figure 1 may be pseudomorphs after olivines or pyroxenes. Probe
analyses showed that the fragment in Figure 1 has basicallj the same composi-
tion as the main mass except for a slight increase in nickel and sulphur.
Consequently this particular fragment is apparently not an alteration pro-
duct of a meteoritic olivine since these have generally extremely low
nickel content. (Compare thé,discussion'of the Murray carbonaceous chondrite

by Fredriksson and Keil, 1964). It should be pointed out however, that the
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presence of a.few olivine pseudomorphs would not contradict the tuffaceous
character. On +the other hand, if frésh olivine is still present it is
almost necessary to assume that Orgueil is a mechanical mixture of‘high
and low temperature phases similar to Murray (Fredriksson and Keil, 1964)
and that fine gréined olivine would havé to be émplaced at a very late

stage.

Carbonaceous compounds and organized elements No efforts have been made

to identify any of the organic compounds. Some preliminary electron micro=
probe analyses by C. Andersenl) have indicated the presence of rounded
aggregates, 10 to 30 microns in diameter, enriched in carbon, perhaps up

to 30%. No direct correlation with any organized elements could be estab-
lished. The possibility exists that these aggregates contain graphite

because this mineral has been observed in Ivuna (Vdovykin, 1964). This

work is presently being extended.

The results>of some electron microprobe work reported by Nagy, et al,
(1963b) has been confirmed with respect to the rounded aggregates of limonite
coated with what appears to be a thin film of organic material. One of us
(K;Ejhas repeatedly in discussions offered the explanation that these
"plastic shells" were formed by evaporation and recondensation of organic
material on the walls of bubbles created by vapors. Subsequently limonite
was deposited in voids after some low-bolling organic compounds. Alternatively
organic material could be adsorbed on the surface of the limonite aggregates.
It will be shown that the primitive material which ultimately became Orgueil
must have been exposed to at least several hundred degrees centigrade,e.g.

for the formation of euhedral troilite crystals, consequently a distillation

l)Hassler Research Center, Applied Research Leboratories, Goleta, Calif.
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of organic compounds present in the accumulation of primitive matter appears

likely.

It is now obvious that the organized eléments, type V, (Claus and Nagy,
1961, or Staplin, 1962) Sexangulatus Celestites mainly are altered troilite
crystals (see Figures 7 and 11, p. T). Muéller'(l962) and Anders and Fitch
(1963a), reached the same conclusion. The later suggestion by Fitch and
Anders (1963b) that the type V organizéd elements are deformed pollens is,
like the proposition of extraterrestrial fossils (Claus and Nagy, 1961),

based entirely on a morphological argument.

3. Quantitative relations

In section .2 and Table %S some figures for the gquantities present of
somé minerals have been givén. They have been derived by means of volumetric
estimates from electron micrographs and microscopical observations and from
the complete and partial chemical analyses of Orgueil I (Wiik, 1956;
Jarosewich, Table,2) and of various minerals. An analysis of Orgueil II by
Wiik (in Mason, 1962) showea virtually the same guantities of the various.

elements.

In these petro-chemical calculations some arbitrariness is necessarily
involved. The following steps were followed in the calculation:

1) The analyses by Wiik (1956) and Jarosewich (see Table 2) were re-
calculated to an ignition ioss free basis, assuming that both samples had
the same smount of ignitionloss. The number of moles available per 1000 g
of this ignition loss free matter are given in Table Qg. The number of moles
of native sulphur, 55 water'solublé sulphaté, soi“, and magnesium, Mg2+, are

given in Table Lb. The figures in Tables La and 4b are more accurate than
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is warranted by the chemical analyses but have b@én used in order noﬁ to
introduce calculation errors.

2) The amount of native sulphur is then found to be 0.542 moles, S
according to Table Lb. |

3) From 2) and the quantities of sulphates® in Table ﬁb it is found
that the amount of FeS can at most be C.51T7 moles.

4) A1l phosphorus is used to form 0.021 mdles merrillite of the
composition Na20a3(POh)20.

5) All silicon is used to form chlorite (the composition is given in
Table 1 and with the formula given én p. 4 ). This process also consumes
all nickel.

6) All water solﬁble magnesium is used to form 0.559 moles magnesium
sulphate of the composition MgSOu.

7) All remaining magnesium.and some iron form 0.314 moles breunnerite
of the composition Mgo.8Feo.2003°

8) All remaining calcium forms 0.169 moles gypsum of the composition
CaSOMaQHQO,

9) All remaining sulphate forms 0.043 moles sodium sulphate of the
composition NaQSOh.

10) All remaining iron forms 0.260 moles magnetite, Fe30u and 0.051 °
moles limonite, FeOOH. (There is no way to find these abundances from
chemical data, but microprobe analyses approximately .suggest their relative

quantities.)

11) All remaining carbon forms 2.LL1 moles graphite**, C.

2 . ' . .
It is possible that the content of SOLL in the meteorite is larger than

Jarosewich found since some sulphates like gypsum are not‘very soluble..

i Vdovykin (1964) found graphite in Ivuna but whether it exists in Orgueil

is not known.
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12) After step 1-11 there remains (except oxygen and hydrogen)

element moles
Na 0.127
K 0.016
Cr 1 0.051
Co 0.009
Al 0.065
Ti 0.009
Mn 0.029

which make up only 1.05% of ignition loss free material. Part of these
metals (particularly sodium) are probably present in the chlorite which has
a slight deficiency in metal ions (see p. 4), Some manganese and potassium

is probably present in carbonates and sulphates (Nagy and Anderson, 1964).

4, Temperature and preésure conditiong during the

formation of "the minerals.

The pressures and temperatures that controlled the formation of the

minerals in Orgueil can be estimated by the following relations.

There are hexagonal, tetragonal and monoclinic modifications with
approximately the composition FeS. The hexagonal form is stable from T43°C
down to at least 325°C (Arnold, 1962) whereas the monoclinic form is unstable
above 265°C (Moh and Kullerud, 196L4). This indicates that the FeS-phase in
Orgueil was formed above 265°C, but an exact minimum temperature is difficult
to ascertain, since the stability field for the intermediate FeS form is

unknown (op. cit.). Since Orgueil is water-rich it can be expected that a
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high water pressure will change the stability relations. BStudies of the
system Fe—S—HZO indicate that FeS'nHEO, hydrotroilite, may be stable at
- 100°C, which also indicates that the troilite formed at high temperatures

(Moh and Kullerud, 1964).

Fe30h can be stable from very high temperatures, the melting point
being 1591°C down to low temperatures (see Figures 15 a-b and 16 a-b) but
the extent of the stability region depends on the partial pressures of

oxygen, carbon dioxide and hydrogen sulphide.

FeBOh and FeS are stable together at least from 675°C (Kullerud, 1957)
down to 325°C. Between 675 and 560°C (see Figure 12) FeS and Fe30h are
stable together with either FeO or Fe82 but not with Fe, Fe203 or S. Below
560°C (see Figure 13) FeS and‘Fe3Ou are stable together with either Fe or FeS,
but not with Fe203 or S. It therefore seems evident that troilite and some

of the magnetite in Orgueil represent an early association (see p. 6) that is

not in equilibrium with native sulphur or limonite in the groundmass.

The stability.conditi;ns of chlorite are little known. According to
Nelson and Roy (l958)>lhg chlorites may alter t047g chlorites when the
temperature sinks below 350-500°C. The broad diffuse (oo1) peak and the
absence of a well formed 143 peak in the x-ray diffractiond the Orgueil
chlorite (Nagy, et al, 1963a) indicates a stacking disorder in the structure.
This suggests that the chlorite was formed at low temperature. It is probable
that the iron content of the Orgueil chlorite will change these relations
somewhat, since the phase diagrams by Nelson and Roy (1958) refer to iron=~

free chlorites.

Limonite probably was formed at low temperatures since goethite decomposes
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above 170°C at 900 bars (Schmalz, 1958). Limonite and native sulphur are
clearly later than troilite (see Figure 4 and 7). Thé period of formation
of the chlorite is uncertain but probably it acquired its present appearance
about the same timé as limonite was formed sincé both indicate an agueous

environment rich in ferric iron.

The presence of gypsum in the veins indicates that théy were formed at
temperatures below 100°C, probably in the range 0-12°C according to the
results by Posnjak (1938, 1940). MacDonald (1.953) showed that gypsum will
precipitate out of sea water at all temperatures below 34°C (at one atmos-
phere) if the deposition‘is an equilibrium process. He further showed that
variations in the pressure only have small effects; thus a pressure of 100
bars oniy raises this temperature to 35°Cn Both Posnjak and MacDonald show-
ed that at these low temperatures gypsum and not anhydrite was the stable
form even in salt solutions 4.8 times more saline than sea water. It éannot
be denied, however, that anhydrite might have been the primary mineral in
Orgueil and that gypsum was formed by hydration during sample preparation

or some other time after the fall.

The low temperature of formation and their cccurrence in the veins
indicates that the sulphates are among the latest formed minerals in Orgueil.
The period of fofmation for the carbonates is less evident but their fresh
appearance mekes it highly probable that they also belong to the latest

formed minerals in Orgueil.

No geologic manometer.is present so far as we presently know. The

breceiation of the meteorite before the rormation of the veins indicates that
the lithostatic pressure was not very high when the minerals in Stages II and

III (gee Table 5) were formed.
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Table 5 summarizes the mineralogical and paragenetical evidence given

in sectionsg 2-h,

5. Stability conditions and the formation of the minerals

The natural spproach would be to study the formation of the minerals
in a chronological ordér but this is difficult to do without any precon-
ceived idea of the parent material for Orgueil. It is possible, however
to start with a study of the late minerals that were formed during Stage
III (see Table 5). Once possible stability conditions for these are
established their formation is easier to explain. This study shows that
the veins most probably were formed.in an open system, perhaps with free
oxygen or peroxide as oxidizer. The tuffaceous structure and the presence
of hydrous phases in the Orgueil meteorite indicates that the minerals may

have been formed at the surface of a meteorite parent body.

To analyse the mineral forming conditions DuFresne and Anders (1962)
and Nagy, et al, (1963a) used e-pH diagrams¥*. Like acid-base¥* and redox
diagrams¥* they show the stébility relations between various chemical species,
but they fail to indicate in what gquantities thelsubstances take part in the
reactions (BostrBm, 1965). Further the sizes of various stability areas for
different compounds in an e-pH diagram, for example, depends on the activities

of various chemical species in the solution. For this reason the order of

, magnitude.of these activities must be known before diagrams can be constructed

for the discussion below. The notation that will be used in the following is

given in the appendix.

The reader is assumed to bé familiar with the construction and use of such
disgrams. They are extensively discussed elsewhere, e.g. Higg (19%0),
Delahay, Pourbaix and van Rysselberghe (1950), $i11én (1952, 1959) and
Bostr8m. (1965).



Dl

The activities can be Ffound in different ways. If the association is
guantitatively very small cdmpared with thé'solution with which it is in con-
tact, it would be justified to assume that thé composition of the solution
changes little during thé reactions so that consumption and production of
various ions such as.H and OH can be disregarded (Bostr8m, 1965). Another
solution is possible for closed systéms where we know how muéh has been
consumed and producéd of various species. It is then sometimes possible to

find the activity distribution in the solution (op. cit.).

These approaches cannot be used in the present case since there is no
evidence to justify the first approach, and there are no safe indications
of the quantitative relations before the vein-forming reactions started.
However, at equilibrium with a solution all solid phases must have their
solubility products satisfied, and electroneutrality must hold for the
solution. By means of these relations the activities can be calculated and
e-pH diagrams can be drawn, after‘which it is possible to analyze the mineral-
forming conditions. The physico~-chemical constants are given in Tables 6§“63.
The variation in the stabilgty constants between 0° and 42°C is small and we
can therefore with good approximation use data for 25°C and 1 atm. for the
main part of the discussion. How the constants are caiculated is described

in the appendix, p..35&y

From the descriptions above it seems natural to test whether epsomite,
gypsum, breunnerite and dolomite can be stable together. The stability rela-

tions between the three first mentioned minerals will be studied first.

It may be objected that the degree of hydration is unknown in the sul-

phates and that some hydration took place after the fall of the meteorite.
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However, if the minerals were formed.at low temperatures in an aqueous en-

vironment, the sulphates probably would be precipitated in hydrated form.
For the late minerals the following formulas will be used.

epsomite Mg SOM-TH2O

~ gypsum Ca SOu~2H20

breunnerite Mgo BFeO 2CO3

)

dolomlte Ca Mg (co3 o

In the aqueous solution electroneutrality must hold, that is:

v (H) = 2(80§”) + 2(c02") + (0H”) + (HSOZ) + (HCO~

2+)
© 3 3

2(Mg”t) + 2(¥ + 2(ca®™) )

Further, from the assumption that breunnerite behaves as an ideal solid

.*.

solution and from the activity products in Table 4 and by setting (Fe2 ) = x
we get¥:
+
(g”") = hx
( GOQ" ) - ?Zm.gm.:i(«.»l_(ﬁ
3 5%
(50°7) = L2 x 1077
Lo - Lx

If brucite shouid_alsg be in equilibrium with thevsolution we haﬁe the

"additional condition:

oy |
(on™) . [82 x %QZii . b2 x 1Q:f
| i hx Wil

%
Tt can be objected that (Mg, Fe) CO3 is not an ideal solution. However, even
(g™

o is varied between 1 and 10 the calculations below are
)

if the ratio
(Fe

J.1ittle affected.
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From the relations above and the fact that (Table Lb)

2= +
(coZ ) (B)
2 - = h.69 x 107
(HCOS)
we further derive:
, s
- _2.88 x 10
(HCO3) S
and:
-5
(ca®") = gLEw54;9~§' xbx = 2.28x
b.2 x 107 ‘

- +
(HSOh) and (H ) can be neglected (see Figure 1k4) since there are no indica-
tions of strongly acid conditions under which limonite or carbonates would

be unstable.

Substituting the activities in the electroneutrality condition with the

expressions derived for the various activities we get:

T 6

3.26 x 107" x = 1.bh x 10”

[
]

1.21 x 1075

P
i

The calculated activities are given in Table T for various pH values
in the solution. Column a gives the activities in the solution when pH and

(g=")

are high enough to form brucite. Columns b-d give the activities in
other solutions which fulfill the relations deduced above except that brucite
is not stable. A check shows that electroneutrality holds for all these
solutions and that breunnerite, gypsum, epsomite, and dolomite all have their

activity products satisfied.

These calculations do not consider the valence changes in the sulphur
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or iron compounds. Figures 16a-b show in what areas of the system Fe«HEO-
HQCO3 the derived relations are valid. (Since the activity of_Mgcog,in
breunnerite is larger than the activity of FeCO3_the stability field for

breunnerite should be larger than that for FeCO, in Figures 16a~b, but this

3
difference is so small that it can be néglected for this sudy.) The shaded
area indicates where the éarbonates and sulphatés can be stable together.
By combining the calculated activities with the information in Figures
16§r§_we find that at 25°C the carbonates can only be at equilibrium with

3

substantial quantities of sulphate when (H2003 tot) >10 . High temperature

requires even larger carbonic acid activities. When (H,CO } ig about

: 2773 tot
lOm2 at 25°C this condition is fulfilled between pH = 5-7. Of interest is

also that under these condition magnetite is a stable phase.

Under these neutral or slightly acid conditions breunnerite, gypsum,
epsomite, dolomite and magnetite can be stable together. The activities in
Table 5 further show that compounds such as calecite and melanterite are not
stable under such conditions. It.is an interesting fact that neither of
these minerals have been oﬂserved in Orgueil or carbonaceous meteorites in
~general. The calculations further show that the carbonates and sulphates

discussed above are not stable with brucite.

The presence of sodium sulphate has not been considered above, since
the total amount of sodium sulphate present seems to be very small as indi-

cated on page 10.

This study does not prove that the vein minerals were formed simultan-
eously with the carbonates but it is possible and seems very likely. TFigures
15, 16, 17, and the data in Table 4 further show that the association of

bruecite, troilite, native sulphur, sulphates and carbonates is unstable.
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Thus for instance brucite only should be Stablé at pl m;lO.l, a value that
will be only slightly decreased by the F62+1content of the solution. It

is therefore obvious that the conditions in Qrguéil do not represent equilib-
rium between all the coexisting phases, which is also clearly illustrated by

Figure 7 and by the stability data given in sectiom L.

The seemingly simplest explanation of how the low-temperature minerals
were formed would be to assume that they were formed as a result of reactions

between phases in the present groundmass.

Redox procésses between limonife, troilite and native sulphur are
possible, (Figures 15 and 17) forming soij Fe2+ and FeBOu. The following
equations for the limiting cases can be written (the figures below the
formulas indicate the number of moles consumed or formed during the reaction,

agsuming that O0.77 moles Soi’~ is formed vy the process);

- - 4
(1) 26 FeOOH + FeS + —s SOi + 9F630h + lQHgO + 2H

20.02 0.77 0.77 6.93 9.2k 1.5h

" 2 ',)'*'
(p) 18 FeOOH + S 4 ~m»6Fe30h + Sou + 8H20 + 2

13.86 0.77 h.62 0.77 6.16 1.5k

(3) 8 FeOOH + FeS + MHEO ~¢-9Fe2+ + soi“ + 16 0H™

6.16 0.77 3.08 6.93 0.77 12.32

() 6 FeOOH + 5 + 2H,0 s 67T + soi~ + 10 OH

4,62 0.77 1.5k I, 62 0.77 T7.70

+ - .
Considering the large quantities of H . or OH formed, the assumption
of & local equilibrium is unlikely, as shown by reactions (1) to (4). By

combining reactions (1) and (3), and (2) and (4) the following formulas are
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derived in which the production of hydrogen and hydroxyl ions is negligible:

+ -
(5) 2h FeOOH + FeS ~ 8F830u + F62 + 12 H2O‘+ SOi

18.148 0.77 6.16 0.77 9.24 0.77

f')l-
(6) 16 FeOOH + § —»5 Fey0) + re?t + 5077 + 811,0

12.32 0.77 3.85 0.77 0.77 6.16

The observed proportions of Soim, pest and.Fe3Ou among the late minerals
do not agree with these results. According to Nagy (personal communications)
some magnetite occurs in the veins but according to equation (5) or (6)
magnetite should be a common vein mineral which is not the case. Further,
processes like (1) to (6) require more iron than is present according to the
bulk composition of the meteorite. It may be objecﬁed that sulphate~forming
processes have been taking placelin large volumes of the parent body and that
the mobile sulphate has been enriched in certain parts of the parent body,
but this can probably only accougt for some vein sulphate and not for the

main part of the sulphate which is found in the groundmass.

Another explanation could be that the original groundmass had a chemical
composition identical with the present gross composition of the meteorite.
Aqueous solutions attacked the walls of figsures and reprecipitated dissolved
fractions as sulphates without major redox processes. Such a leaching process
might have taken place late i the development of the meteorite but it cannot
explain how other late minerals or the original nonequilibrium assemblages of
minerals in the groundmass were formed. The assumpbion of a closed system

thus seems to be impossible.

Consequently the minerals were probably formed in an open system. The

problem is to find an oxidizer strong enough to explain the formation of both
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sulphate and limonite.’

It is possible that after primordisl dust had formed a parental meteor-
ite body reduction processes took place in the central part of the body
(Ringwood, 1961) or in other hot zones (Anders, 1963; Fredriksson, 1963).

Gaseous emanations like CO €0 and H.O moved from these hot zones to the

22 2

outer parts of the parent body. This may explain the origin of the water

and CO.. However, CO, is too weak an oxidizer to form goethite and sulphate

2 2

from troilite, as can be observed in Figure 17 and equation T.

(7) HQO(Q) + coe(g)\+ FeS - FeQOH + co(g> + 1/2 He(g) + s(s)

AG +22. 41 Keal.

bt s

i

Nor is it likely that thermal decomposition of water into oxygen and
hydrogen can explain the redox processes, since the presence of goethite
and gypsum show that the reactions took place at very low temperatures
where the dissociation of water can be considered negligible, (Wagman, et al,
1945, see Table lUc). Nor is it likely that any of the reactions (8) to (12)

played any important role:

Free energy of reaction

Reaction AGy (Kcal)
(8)» 5 + H0 embHES(g) + 1/2 0, +47.5
(9) s + hHeoz nupHQSOuaq + 3H2(g> +hg, L2
(10) 2H20(l)‘+ Fé30u —e 3FeOQ0H + 1/2 Hg(g) +0.68
(11) TFesS + 2H20(£) e FeQ0H + s(s) + 11/2 H2(g)- +15.60

(12) TesS + 2H20(l) —p FeQ0H + Hgs(g) + 1/2 HZ(g) +7.7L
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Certainly equation (10) can explain how limonite was formed from
magnetite but it does not éxplain the formation of native sulphur or
sulphates or the corroded nature of the troilite. Equations (11) and (12)
can to some extent explain this, but the free energies of reaction seem to
be fairly large, particularly for (11) which is the only one that might
explain the formation of both limonite and sulphur from troilite. Nor has
this reaction been observéd in any hydrothérmal experiments:; instead Fel
seems to alter to hydrotroilite (Moh and Kullerud, 1964). However, since
the system is open, the hydrogen formed may escape from the system and thus
make reactions like (11) more likely, bﬁt this would also mean that water

can escape.

Another explanation would be that oxides present in primordial dust
acted as oxidizers, but as was poinfed out by Latimer (1950) the primordial
dust must in the main have been characterized by rather reducing conditions
since the gquantities of oxygen present were small. Another strong argument
against such an explanation is that the Orgueil meteorite as we see 1t
today is the result of longﬂand complex processes. It therefore seems un-
likely that the oxidation state of the primordial dust could have any

irifluence on late mineral-forming processes in the meteorite parent body.

Consequently it seems questionable if emanations from the inner part
of the meteorite parent body or the composition oi the primordial dust can

explain the redox processes in the Orgueil meteorite.

A third possible explanation would be that water on the surface of the
meteorite parent body has been exposed to ultraviolet radiation from the sun.
This dissociates some of the Wwater into several chemical compounds and

radicals. The fast-diffusing hydrogen may escape from the surface at a more
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rapid rate than the heavier. radicals and compounds of oxygen, part of which
dissolve in the surface water and oxidize thé'upper'layers of the meteofite«
parent body. This process was suggésted by Poole (1941) as a geochemically
important process for the éarth. These réactions have been more extensively
discussed by Harteck and Jensen (1948) and Dole (1949). It seems likely

that these processes could occur on a meteorité parént body. Some support
for such an assumption is found in the tuffacéous structure of the meteorite,
and the hydrated nature of the minerals, indicating that they have been
formed close to the surface. Further the mixturé‘of redox states in the
Orgueil meteorite resemb}és the sufface conditions on the earth. In terres~
trial unconsolidated rocks and soils, oxidized and reduced phases like
limonite and bitumen are often mixed together. This depends on the fact that
at'low temperatures and pressures many systems approach eguilibrium.very
slowly. The process can explain the observed quantities of sulphate, mag-
netite and limonite, but requires that the gravitational field was sufficiently
large to retain the gaseous oxidizing emanations and liquid water, at least
for some time. A geologically short period of oxidizing conditions should
suffice to explain the processes discussed above, perhaps some 1000 years

as is indicated by the crystallization time for dolomite as suggestéd by
DuFresne and Anders (1962, p. 1085). For such a short time even fairly small
celestial bodies should be able to rétain an atmosphere according to the
calculations by Spitzer (1952) and Sytinskaya (1962) but it seems questionable

if this celestial body can have been much smaller than the moon.

It could be proposed that oxygen was formed by living organisms as a
product of carbon dioxide assimilation. However, the evolution of life and
the subsequent formation of oxygen as a result of biological activity is a

process that demands much longer time than the interaction between water and
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ultraviolet radiation, or some other kind of energetic radiation that can
dissociate water. This also means that the parent body must be able to
retain the atmosphere longer, perhaps some 100,000 years and consequently

must be of larger size under otherwise identical conditions.

Oxidation processes involving frée oxygen may lead to acid conditions.
This is evident from the reactions (13) to (15). Organic matter could
react with oxygén, forming water and carbon dioxide. The resulting acids
could react with sevéral phases, like brucite, forming late sulphates and

carbonates according to reactions {(16) and (17):

Free energy of reaction
Reaction AG, (Kcal)

(13) 28,0 + 28 + 3 0, —» 2H,80) - -241.3
(14) 2H,0 +2TeS + 9/2 0, —+Fey05 + 2H,80) | ~371.8
(15) 3H,0 + 3FeS + 13/2 0, —=Fe 0, + 3H,50, ~534. L
(16) ﬂgsoh + Mg(OH)é\+ TH,O0 4 Mg0) = TH,0 + 2H,0 <-17.3
(17) cho3 + Mg(OH)2 ~¢~Mg003 + 28,0 -11.1

Certainly many processes like (13) to (17) can be considered. There is as
yet little evidence of these reactions and therefore the gqualitative dis~

cussion given above must suffice.

It should be remembered that these conditions do not imply that an
oxygen-rich atmosphere or a strongly acid surface layer was formed; it seems

more probable that the oxygen and the acids were consumed immediately after

their formation.
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It is also probable that redox processes'wére acting when the chlorite
in its present state was formed, since chemical analysis, Table 1, as well
as diffraction data suggest‘a high content of‘ferric iron (see p,3~§j, The
parent méterial of the chlorite is not known but might have been a well-
ordered ferrous chlorite, formed togethér with troilite and magnetite under
hydrothermal conditions. Latér oxidizing processes formed solutions rich
in ferric iron and sulphate which could react with the early chlorite and
transform it to the present chlorite. The sulphate and ferric ions may be
delivered from the oxidation of trqilite, which at the same time‘also could
form native sulphur and limonite. Some oxygen may also have reacted direct-
ly with ferrous chlorite forming ferric chlorite. Limonite has not been
observed in the veins; it is therefore probable that the oxidizing processes
were declining in intensity or had ceased completely when the veins were
formed. However, another explanation for the absence of limonite in the
veins may be that since the solubility product for ferric hydroxide is very
small the ferric iron could not migrate long distances before it was pre-
cipitated. It may also be’ suggested that limonite was formed from lawrencite,
FeClB, after the fall of the meteorite. It is difficult to visualize, how-

ever, how lawrencite could survive the redox processes that formed ferric

chlorite.

It has been suggested that alteration of olivines and pyroxenes of
chondritic composition could form chlorite and brucite, (Kerridge, 1964)
but the high content of volatile elements like mercury, lead and bismuth
(Anders, 1964) makes it unlikely that the present groundmass has been ex-
posed to magmstic temperatures. Another suggestion would be that periclase
and olivine were mixed with the low-temperature phases, a process similar to the

one that formed Murray (Fredriksson and Keil, 196k4) and that periclase later
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was hydrated to brucite.

6. Conclusions

From the above discussions it is apparent that the Orgueil meteorite
does not represent original solar material. On the contrary the meteorite
has undergone extensive hydrothermal and low-temperature-alterations,
although these processes seem not to have changed the bulk chemical composi-
tion of the primitive, that is the premOrguéil, material seriously. The
reason for this conclusion is that it has still a bulk composition which
resembles the assumed solar composition (Suess and Urey, 1956; Aller, 1961;
Anders, 1964). As has been discussed above, a high temperature magmatic
pre-Orgueil stage can be practically ruled out, at least for the major

fraction.

The following sequence of events for the davelopment of the Orguell may
be suggested. A presumed primitive accumulation of dust, frozen gases, ice,
ete. (Urey, 1952, 1963; Ringwood, 1960; Anders and DuFresne, 1962; and others)
probably of the size of a iarge asteroid or possibly as big as the moon deve-
lopes hot zones either by short lived radicactivity or possibly by slow
collisions, that is, between bodies of which at least one has a very low
-density. Oﬁe of the colliding objects might even have been a comet head as
. advocated by Urey (1963), and Urey and Murthy (1963). Conceivably, in such
a collision, the energy may be dissipated relatively slowly within the
larger body. Once formed it seems possible that such hot zones could be
enforced by chemical reactions, possibly between free radicals¥ (Urey, 1952).

If the dust planetoid was penetrated deep enough by the shockwaves, large

.x. .
Recently free radicals were found in the Mighei, group Il, carbonaceous

chondrite (Vinogradov, et al, 196k).
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quantities of magma may have been generated. and retained for a sufficient

time to give rise to processes resembling volcanism. As suggested by
Ringwood, 1961; Frédriksson, 1963; and Frédriksson and. Ringwood, 1963,
chondrules may well be the product of such explosive volcanism. Some
chondrule may also form directly as splash drops (Urey and Craig, 1953,

8.0.). The heat from the hot zone would influence the surrounding primitive
material (Anders, 1963); hot gases will be driven towards the surface creat-
ing pneumatolytic to hydrothermal conditions such that trollite (FeS) might
crystallize, together with other minerals, probabiy layer lattice silicates.
The latter minerals»probably were the parent material for the present Orgueil
matrix silicate, the chlorite. During the cooling~off period the troilite
oxidizes to limonite, sulphur, and sulphate. At the same time the late
carbonates and sulphates formed and the chlorite acquired its present composi-
tion. As has been shown it is probably necessary to assume an external source
of oxidation, possibly free oxygen. This oxygen would be supplied by dissocia~-
tion of water induced by ultraviolet light at the surface of the body. The
surface is continuously reworked by the impact of smaller bodies or secondary
objects produced in larger collisions. Such processes are vividiy suggested
by the Ranger pictures of the moon. The reworking of the surface would expose
a considerable amount of Orgueil material to sunlight. Close to the volcanic
area (or areas) where pre-Orgueil material may be mixed with chondrules and
heated to higher temperatures similar processes may further account for meteor-
ites like Murray (Fredriksson and Keil, 1964) which is a mixture of chondrules
and mineral fragments of high temperature origin (Fredriksson and Reid, 1965)

and low temperature phases similar to the bulk of the Orgueil.
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APPENDIX

l. Notation

Activity of A

Faraday constant

Free energy of s reaction

Heat of formation

Thermodynamic equilibrium constant
Pressure

Gas constant

Entropy

Absolute temperature

Standard electrode potential

Number of Faradays

Negative decadic’logarithm of (A); thus pH =

pFe ot

Negative decadic logarithm of g

loge

~log10 (H)

= ~logyy (Fey .)
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2. Calculation of the physico-chemical constants

The standard redox potential and the equilibrium constant for a reaction

!

are found by the expressions:

AGI:
e’ = =
nF
and
AGr
In K = e
~R T

Almost all values for AG, AH and S for 25°C, 1 atm. are derived from
Latimer (1952) with exception for fhe values AHf = 813.13 K cal, S = 87.Te.u.
for MgSO) « TH,0 that were calculated by means of data in Kelley (1937, p. 101),
and Latimer (1952, p. 316, 359-362),and the value AGf = =]117.0 K cal for
goethite (Schmalz, 1958).

Most of the calculations are for 25°C, 1 alm. conditions. A few 100°¢C
calculations have been made by means of data from Kelley (1960)and by the
formulas for the variation of AG with temperature given in Kortlm (1960, p.

398-410).
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FIGURE CAPTIONS

Photomicrograph of thin section of Orguéil. Magnification . X,
Nicols half crossed to increase contrast. According to the probe
analysis the fragment has a composition similar to the matrix ex-
cept for somewhat higner nickel and sulphur. Note the parallel

structures around the fragment, suggesting that the fragment was

" harder than the surrounding material during agglomeration.

Electron micrograph of overlapping crystals of the layer lattice
silicate ( ‘chlorite, see page 3 ) which constitutes approximately
3/4 of the meteorite. Note the pseudohexagonal habit of the

crystals.

Electron diffraction pattern of one of the crystals in Fig. 2. The
deduced lattice spacings (in ﬂ) g = 5.28,b = 9,14 agrees fairly

closely with ferric chamosite, see page 5 , and Table 3.

Photomicrograph gf the magnetic fraction, hL-88u, of a powdered
sample of Orgueil. The shiny globules are native sulphur (8) close-
ly associated with hexagonal troilite (FeS). ©Note particularly the
corroded troilite crystals, two of which have holes. Two opaque
black spherules as well as some of the aggregates consist of magne-

tite (Fe30h).

a,b. X-ray micro-radiographs of a thin section of Orgueil,.g) in
CuKo radiation and b) in CrKe radiation. The particles indicated
with A consist of magnetite (FGBOM) and those with B of troilite

(FeS with some Ni). The absorption in magnetite as compared with

the matrix is considerably decreased for CrKa while troilite, B,



Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

shows same or increased contrast in this radiation. Note the

corroded hexagonal plate of troilite, lower right.

a,b. Micro-radiographs (compare Fig. 5) showing rounded hollow

particles of magnétite (FeBOu), The small hexagonal particle

upper left is troilite.

Photomicrograph and electron probe scanning pictures of corroded
troilite, partly altered to ferric hydroxides, limonite. The back
scattered electron picture (BSE) indicates the average atomic

number of the phases present, the three other scan pictures show
distribution of iron, sulphur and nickel. Most of the opaque

grains are magnetite. Note that nickel is homogeneously distributed
in the matrix; the concentration is approximately i%, almost the
same as in troilite and limonite (p. 8-9 ). Sulphur is alsc pres-

ent in the matrix but less evenly distributed than nickel; the

~sulphur probably occurs as & sulphate impregnation of the layer

lattice silicate. The scanned area, »50 x 50 microns, is indicated

on the photomicrograph.

a, b. Photomicrograph of thin section of powdered sample of Orgueilj
magnetic fraction 44-88 microns. A is transmitted light; B reflected
light. The pictures illustrate the close association of native sul-
phur, transparent in A, whitish gray in B, with troilite. B further
illustrates the extremely corroded state of the hexagonai troilite

crystals which explains their odd shapes and colors.

Electron probe scanning pictures of polished section of Orgueil, show-
ing one grain ~~10 microns, of periclase Mg0O, possibly formed by

vacuum and heating in the electron microprobe, see page 13. All the



Fig. 10.
Fig. 11.
Fig. 12.
Fig. 13.
Fig. 1k,

iron-rich grains, white in the back scattered eléctron (BSE) as
well as in the iron picture, are magnetiﬁe, as concluded from the
deficiency in sulphur. Sulphur is rather homogeneously distributed
through the matrix. Thé magnesium~rich grain tc the left gave an
analysis corresponding to a mixture of magnesium hydroxide and

magnesium sulphate. Scanned area approximately 100 x 100 microns.

Distribution of Na23, Mth’ Mg25, and. Si28, in polished sections of
Orgueil. The pictures were obtained by means of secondary ion
emission spectroscopy (Castaing and Slodzian, 1962a and b, and
1963). The picbtures illustrate composite veins of magnesium and

sodium sulphates. The veins are enriched in sodium, particularly at

- the vein walls. The matrix material also contains small amounts of

evenly distributed sodium. Noﬁe that no direct comparison.between
different elements can be made on the basis of the recorded inten-
sities. The black grid represents strips of aluminum evaporated onto
the sample to overcome its low conductivity. The size of the square

holes is approximately 50 x 50 microns.

Photomicrograph of thin section of Orgueil showing several hexagonal

‘limonite particles representing completely altered troilite crystals.

Compare Figures 5 and T and page i5 . These particles seem indis-

tinguishable from organized elements, group V (Claus and Nagy, 1961).

Phase relations in the system Fe-0-S between 560°C and 675°C. (After

Kullerud, 1957).
Phase relations in the system Fe~0-S below 560°C. (After Kullerud,l1957).

pH diagrams at 25°C, 1 atm. a) for the system HQCOBwHQO,:Q) for the

system HQSOhmHQO.



Fig. 15.
Fig. 16.
Fig. 17.
Fig. 18.

e-pH diagram for the system Fe~S—H20. There are no thermodynamic
data available for hydrotroilite, FeS-nHQO, which seems to be the
stable form at 25°C and 100°C. The Tield for FeS in the diagram

thus gives the minimum extension of the stability field for hydro-

troilite. The stability field for goethite, FeOOH, is not indicated

but is somewhat larger than that for Fegog, Small figures attached

to the lines indicate to what pS value the lines refer; pFe =

tot tot

2. a) for 25°C, 1 atm; b) for 100°C, 1 atm.

e~pH diagram for the system Fe~H2003~H20. Small figures attached to

the lines indicate to what pHECO value the lines refer; ple

3 tot tot

2. Shaded areas indicate where carbonates and sulphates may be stable
together. a) for 25°C, 1 atm; b) for 100°C, 1 atm. The stability
field for goethite, FeOOH, is not indicated but is somewhat larger

than that for Fe203,

e~pH diagram for the system S~H20 at 25°C, 1 atm. Small figures

attached to the linesg indicate to what pstot value the lines refer.

e~-pH diagram with the systems Fe-H,0 and H,0-C superimposed on each

2 2

other at 25°C, 1 atm. pFe = 2, The stability field for FeOOH,

tot:

is not indicated but is somewhat larger than that for Fe203.‘
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TABLE 1

Analysis in weight percent of chlorite

Si 14.9
Fe 15.6
Mg 12.9
Wi 1.k
Al 1.0



TABLE 2

Partial analysis of the Orgueil meteorite®

% of total sample

Carbon-tetrachloride and ether
extracts

Sulphur in this extract
Water-soluble matter
Sulphate from this extract

Magnesium from this extract

s s o s

Fe2+

Total TFe

Z%y‘wydﬂﬂwmmd

18.2%
6.5%

1.3%

. 59%

1

18.31%

12.72%

* ' :
Analysis by E. Jarosewich, 1965, Division of Meteor-

ites, Smithsonian Institution, Washington.



Found in Orgueil

. # ¥
Serpentines

Chrysotile (ortho=-)

‘Lizardite

#%
Septechlorites

Amesite
Ferrous Chamosite
ferric Chamosite

XK
Chlorites

TABLE 3

Cell Dimensions (in R)

a

5.28+0.0

5. 3k

5.31

e
it

jo’
i

i

001

b c %001
5 9.14+0.09 7~1u%
9.2‘ 1k.63
9.20 . T.31
9.19 14,01
9,38 T.11
9,10 7.062
5,320 + 0.008'(Fe2+ + Fe3+)
9.202 + 0.01h (Fe?t + FeoT)

13.925 + 0.115 (Si~L)-0.025 Fe

3+

The @ value from Nagy, et al, (1963), p. Shlk.

001

%% Prom Deer, Howie, and Zussman (1962), p. 167, 17h.

¥%%Simplified from

Hey (195h4).



TABLE 4

Composition of the Orgueil meteorite

La

moles per 1000g
(ignition loss free matter)

Fe 3.522
S | _ 1.830
Si | 4.009
Ti ' 0.009
AL | 0.346
Mn 0.029
Mg ’u.185
Ca 0.232
Na 0.255
K 0.016
J3 0.0k2
H,0 11.784
Cr 0.051
Ni 0.176
Co 0.009
¢ 2,755
bp

moles per 1000g
(ignition loss free matter)

native sulphur 0.5h2
sulphate, soi“ 0.771
bwater—soluble2+ 0.559

magnesium, Mg



4 (Cont'd)
. e 3+
ferric iron, Fe 2. 4L

ferrous iron, Fe2+ 1.07h

Calculated quantities of the minerals in Orgueil

\

Weight %
chlorite 62.6
magnetite , 6.0
troilite L.6
sulphur | 1.7
limonite ’ 0.5
merrillite 0.8
breunnerite ' é.8
magnesium sulphate - x H,0 6.7
gypsum 2.9
sodium sulphate 0.6
graphite _ 2.9
remaining metals 1.1

93.2



The succession of the Orgueil minerals
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The succession of the various minerals is indicated by full lines, dashed
lines indicate possible extensions. I indicates early period with forma-
tion of high temperature minerals, the controlling temperature being sev-
erzl hundred degrees centigrade, II later stage with moderately high tem-
peratures)probably not above lYOOC}and water-rich environment. ITI rep-
resents late vein mineralizations formed in an aqueous environment at low

temperature, probably below 40°C.
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TABLE 6

Stability constants at 25°C,

‘1 atm. .

6a. Aqueous equilibria

(Mgo 8 Fe0.2) (co3 3.2 x
(ca®*) (g®*) (c05)% = W5 x
(ca”") (co?) = T x
(ca®) (s0f7) (m)0)° = 2.k x
(me")? (5077) (1,00 = 8.7 x
0g®") (s077) (1,007 = k2 x
() (01" = 8.9 x
(7e®) (5057) (o) = 1.3
i) (s07T) (o)’ = 35 x

9

10 (breunne

(caleite

%
rite)

)

*
. Assuming Fe003 and MgCO3 to form

an ideal solid

6b. Other equilibria

] 4 7 N
4 CO, + 3 Fe ~3 Feg0) + L co

HCO',
€04

- 1+ 00’

3.

i

solution.

.w5v8WX'lO:T“atmw”§

3

3

it

3.1 x 10~

4.69 x 107

i



. ¥
6c¢. Dissociation constant of water at various temperatures

Equilibrium constant

Reaction ‘ T°K of formation, K¢
: 39
H +1/2 0 H,0 00 6.1 x 10
2(g) * /2 %2(e) 7 T%e) *
100 1.7 x 10°7
500 7.7 x 10°°
600 ' bL.3 x 1018

#*
Data from Wagman, D. D., et al, (1945).



TABLE 7

Activities of ions at wvarious pH values in an aqueous solubtion in equilib~

rium with the solid phases Mg Fe CO.,, Mg $0,+<7H.O0 and Ca S0, -2H,.0.
0.8 0.2 3 Y 2 4 2

2 b < 4

pH | lO.l | T 5 l

(Pe=™) 1.2 x 1073 1.2 x 1073 3.8 x 1073 9.4 x 1073
(Mg2+) 4.8 x 1075 4.8 x 1073 1.5 x 1072 3.8 x 1077
(ca®) 2.7 x 1073 2.7 x 1073 8.7 x 1072 2.1 x 1072
(soi") 8.7 x 1073 8T x 1073 2.8 x 1077 1.1 x 1073
(cog“) 5.3 x 107 5.3 x 107 1.7 x 1077 6.8 x 107°
(1003) 8.3 x 1071 1.1x 103 5.0 x 1072 1.3 x 107t
PH,COL, 5.9 2.9 1.3 0.9







